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ABSTRACT 
The Electromagnetic Discharge Image (EDI) is applied for the non-
destructive detection of precut notches in 6061 aluminum plate speci-
mens. This involves the application of a high frequency and high volt~ 
\ 
age A.C. signal to the sp~cimen whereby the electrical discharge can be 
recorded photographically. The results reflecting the topography and 
dielectric structure of the notched specimen is then processed such 
-
that their physical implications in terms of changes in the thermal/me-
chanical/electrical/effects can be interpreted. 
Obtained theoretically is the electric f'ield intens.ity distribution 
of the notched aluminum spec·imen by numerically solving a nonlinear 
differential equation governing the electrical potential. The change 
. 
in the depth of the notch is reflected by the spatial distribution of 
the electric field. Comparisons are made with the light intensity dis-
tribution determined experimentally by EDI. Various parameters affect-
ing the emitted image are investigated in addition to change in the ex-
citations of the wave form. Determined is the combination of these pa-
rameters that yield the optimum results from the viewpoint of pattern 
recognition as compared with the theoretical prediction. Change in 
notch depth is clearly recognizable from the discharge image _pattern. 
A direct ~rrelation can be established between the notch depth and 
change in the local amplitude of the electric field and the light field 
intensity. Three~d-i.mensional effects that are not so easily a.ssessed 
by analytical means can be more readily detected by.the EDI method. 
-1-
CHAPTER I~ INTRODUCTION 
The process of Electromagnetic Discharge Image (EDI) is concerned· 
with the application of a high-voltage electrical field such that elec-
trons in the neighborhood of the subject or object under investigation 
are accelerated and multiplied exponentially creating .an avalanche. 
Streamers are created and the phenomenon can be recorded photograph-
i:cally or digitally. It was also known in its early days of develop-
ment as Kirlian photography which was mostly associated with the study 
of biological subjects. A detailed historical account of the EDI meth-
od and its related theoretical considerations can be found in two tech-
nical reports [1,2] published by the Institute of Fracture and Solid 
Mechanics (IFSM), Lehigh University. 
The research on EDI at the IFSM was initiat~d ;·n the early 1980's 
from a DOD grant that provided the seed money for the equipment. One 
of the main objectives of this effort was to use EDI as a nondestruc-
tive e.valuation (NOE) technique. The early works in both the U.S.S.R. 
). 
I 
[3,4] and U.~.A. [5,6] lacked the theoretical support without which the 
technique remains as empitical. Well-controlled experiments are needed 
such that the sensitivity of the dielectric air gap between the speci-
men and the electrodes~ applied voltage and frequency can be assessed 
. 
quantitatively in terms of ~he resulting image. Of particular inter-
. . 
. 
. 
est is the detection of the shape, size and location of defects such as 
cra·cks, microvoids and other types of imperfections in t.he material. 
/ 
_/' 
The ultimate goal is to provide a record of the mechanical inhomoge-
1 
neity which can be inco·rporated into the ap_propriate computer soft~ar,e 
-2-
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for an evaluation of the mechanical integrity of structural components 
or systems. Initial success [7] has already .been achieved in detecting 
imperfections that were introduced mechanically by drilling holes of 
different sizes and chemically by applying corrosive agents to aluminum 
specimens. 
The work to be reported in this thesis is concerned with the EDI 
detection of notch configuration and siz~ in aluminum specimens. The 
pulse ·duration, peak-to-peak voltage, frequency and air gap are varied 
so that the resolution and quality of the resulting image can be opti-
mized. Theory and experiment are then compared. The in·itial agree-
ment is encouraging and suggests the possibility of applying the EDI 
technique for analyzing defects and material inhomogeneities in three 
dimensions. 
-. 
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· CHAPTER II - ELECTROMAGNETIC DISCHARGE IMAGE 
~ r 
The method of EDI involves the collision of electron ions and pho-
tons or gas molecules. Such a process is highly sensitive to the air 
gap distance between the electrode and specimen which affects the 
forces or kinetic energy generated from the electric and magnetic 
field. Parameters associated with the wave form and specimen proper-
ties will also have a direct influence on the discharge image. 
2. 1 Influence of Specimen 
Only the major variables that affect the EDI process will be dis-
cussed. 
Viele..cWc. PJz.opeJity. The dielectric property of the specimen de-
termines conductive nature of the material. When an alternating elec-
tric field is applied, the dipoles and ffee charges in a medium are 
excited, depending on the frequency. Both electric resistance and di-
electric hysteresis wi 11 necess-ari ly be present [ 8-10 J. The farmer 
is known asconduction loss (CL) and the latter as dielectric loss 
(DL). A medium is regarded as a conductor if CL> DL, a semiconductor 
if CL~· DL, and a dielectric if CL< DL. 
As mechanical defects or imperfections af ..fect the dielectric prop-
erties of the material, material inhomogeneities can be reflected by 
the EDI. 
Mec.harilc.ai. Inhomoge..ne);t[u. Since the specimen surface itself may 
act as one of the electrodes, any surface irregularities such as voids 
-4-
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and roughness may alter the air gap or the transmission of the, elec-
trons. Electrostatic carriers also tend to concentrate on sharp edges, 
cracks or any other locations that involve sudden change in curvature. 
This gives rise to a local intensification of photons in the ioniza-
tion process. Variations in light intensity will thus depend on abrupt 
changes in the physical geometry of the specimen. 
Inhomogeneity arising from the material microstructure will also 
affect the rate of ionization and change the local dielectric and dia-
magnetic distri.bution. The scale level at which this alteration occurs 
-is proportional to the physical dimensions of the material inhomogene-
ity and its distributi.on. \ 
2.2 EDI Instrumentation 
A circuit diagram of the EDI instrumentation is shown in Figure 1. 
It consists of a function generator, puls~ generator, power amplifier 
.,... . 
;t' 
and oudin coil. The voltage difference of the power amplifier can vary 
from 200 volts R.M.S. to 20-25 K volts R.M.S. The power amplifier is 
driven by the function gen.era tor and' pulse gererator such that any pos-
sible pattern of wave form, from single pulses and continuous wave 
forms to bursted or gated unipolar or bipolar frequency sweep and vary-
ing amplitude wave packets can be obtained. 
Wa.ve.601tm PaftVLn. The potential applied to the electrodes can gen_-
·' 
erate varioµs different character1stics of the wave form. They can be 
sinusoidal, triangle, rectangular .or even arbitrary in shape. Differ~ 
ent wave packets can be formed with different time of duration. 
-5-
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Several characteristics of the wave form can be generat~d. Shown in 
Figure 2 is a typical example. The first wave packet contains the 
largest amplitude in the first of the three cycles while the second 
packet has six cycles with decreasing amplitudes. The last wave packet 
includes approximately eight cycles with decreasing amplitude. They 
are labelled, respectively, as I, II and III in Figure 2. The time in-
terval between identical wave packets is the pulse rate. It can vary 
from 5 µsec to 10 msec depending on the frequencies of the wave pack-
ets. The different excitations will be discussed subsequently. 
* Vbtect Contact. The direct ~·on tact method [l J wi 11 be used such 
that the lower electrode consists of two l mm thick glass plates with a 
transparent conductive fluid sandwiched in between as shown in Figure 
1. A saline water solution is used. This electrode is then connected 
to the wave form ·generator. The upper electrode is the specimen that 
it grounded. A photographic film is inserted between the electrode and 
specimen with the photographic emulsion facing the specimen. Under 
these conditions, the corona discharge from the specimen as shown in 
Figure 2 is exposed direc.tly to the pho·tographic emulsion. An ASA 125 
Kodak Plus-X negative film can be used. 
* . Other methods of EDI can be found in [11-14]. 
I ,' • -' ' .. 
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Figure 2 -_Typical wave form of applied electric field . 
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, 
•. 
Film exposed to photons 
Light from object 
Figure 3 - Image created by emission of 
photons from specimen. 
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CHAPTER III -·STATEMENT OF PROBLEM 
To be analyzed by the EDI method are the characteristics of pre-
cut notch in plate specimens made of 6061 aluminum alloy. The electric 
potential field is first obtained analytically by solving a differen-
tial equation of the Poisson type, the solution of which is then com-
pared with the experimental results. Electric and light intensity are 
altered to show their effects on the discharge image. 
3.1 Notch Geometry 
More specifica:l ly, two different notch type 1 and 2 are considered. 
The dimensions a and b of the notch and of the specimen are given in 
Figure 4. Figure 5 shows the notch position with reference to the film 
and electrode while an enlarged view of the set-up is given in Figure 
6. 
3.2 Excitati-on Settings 
Four different excitation settings of the wave form in Figure 2 are 
used. Their characteristics are displayed in Figure 7 and referred to 
as A, B, C and .D. The numerical values of the pulse duration and peak-
to-peak voltage of each wave packet can be found in Table 1. 
3.3 Objective 
The objective of this investigation is outlined by the flow chart 
in Figure 8. Results pertaining to the discharge image of the notched 
. \ 
specimen in Figures 4 to 6 will be obtained theoretically and experi-
-10-
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Notch Type 
l .. 
2 
'-I I--- 2a 
I 
Width 
(2a) 
· 1.5 mm 
1.5 mm 
Notch Size 
6 mm 
20 mm 
Figure 4 ~ Notch depths l and 2. 
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(b) 
1.50 mm 
. 75 mm 
''• 
• 
Wave form 
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. 
Figure 5 - Enlarged electrode specimen. 
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Figure 6 - Enlarged region from the middle of the notched surface. 
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V/0 5.000eO 
Vy -1.4920000el 
T/0 2.500e-3 
TL 1. 2pl6e-2 
V/0 5.000eO 
Vy -4.860000gQ 
. 
T/0 2.SOOe-3 
TL 1. 276e-2 
V/0 5.000eO 
Vy 4.960000e0 
T/D 2.500e-3 
TL 1.020e-2 
V/0 5.000eO 
Vy 1.5020000el 
T/0 2.SOOe-3 
TL 1.292e-2 
(A) 
(B) 
(C) 
(D) 
I 
...... 
0, 
I 
Excitation 
Setting 
A 
B 
C 
D 
Table 1 - Pulse duration and peak-to-peak voltage of 
each wave packet at different excitation settings. 
Packet I Packet II Packet III 
Pulse . 
Duration Tl, Peak-to-Peak T2, Peak-to-Peak T3, Peak-to-Peak 
.. 
T , m sec µ sec Voltage, V µ sec Voltage, V µ sec Voltage, V 
1 .470 120 3800 315 425 115 650 
V 
2.415 185 6065 325 450 120 570 
5.500 190 7975 315 500 120 605 
. 
6.890 200 4310 325 775 120 500 
. 
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mentally. Physiochemical and geometrical effects will be included 
while the image will be pro~essed digitally by the system [15] de-
scribed in Figure 9. An image from the developed film is fed into.the 
video camera. The image is then digitize9 and stored. Upon command 
from the job control input, the computer executes the image process 
program from a library and the output image is generated pixel by 
pixel. The results are written line by line on the output data storage 
device and the pixels may be modified at the discretion of the program-
er. Dedigitization is then made so that the image may be displayed 
visually. The gray level of each pixel determines the light inten.sity. 
' 
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·· mentally. Physiochemical and geometrical effects will be included , ~--
while the image will be processed digitally by the system [15] de-
scribed in Figure 9. An, image from the developed film is fed into the 
video camera. The image is then digitized and stored. Upon command 
' . from the job control input, the computer executes the image process 
' program from a library and the output image is generated pixel by 
pixel. The results are written line by line on the output data storage ' 
device and the pixels may be modified at the discretion of the. program-
er. Dedigitization is then made so ·that the image may be displayed 
visually. The gray level of each pixel determines the light intensity • 
. , 
-17-
• 
J. . •••••.• , 
• 
' ; ,I 
• 
·, 
' 
__, 
CX) 
I 
,· 
Job 
control 
input 
Input data 
storage 
device 
Input 
image 
Computer 
Output 
image 
Output data 
storage 
device 
Digitized 
• image 
Digital 
image 
display 
device 
, 
• 
Digital 
image 
Image 
digitizer 
Program 
Library 
Processed 
picture 
Figure 9 .. - Digital image processing flow chart. 
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CHAPTER IV - THEORETICAL CONSIDERATION 
.. 
This section provides the theoretical background for predicting 
the EDI by using the notch specimen as the example while the underlying 
principle applies in general to any specimen configuration. 
4. 1 Description of Plasma Composition 
Referring to the notch specimen configuration in Figure lO(a), a 
potential V = v1 is applied to the electrode while the surface of the 
specimen indented by the notch is maintained at V = V0 • The plasma 
width corresponds to the distanced between the electrode and the 
specimen surface .. If Nn' Ne and N; denote, respectively, the density 
of the neutral atoms, electrons and ions, then the total gauge pres-
sure P of the plasma can be written as. 
( 1) 
in which k is ·the Boltzmann constant and T the absolute temperature. 
The Saha equation [16] of ionization is given by 
N.N 
1 e = S(T) 
Nn 
(2) 
with the function S(T) defined as 
.. 
2g. 2 kT 3/2 · ev. S{T) = gn1 { h~ ) exp(- kT1) (3) 
' 
1 
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(a) Cross-section of the notch. 
(b) Finite element grid pattern. 
Figure 10 - Cross section of the notch and: 
finite elemen~ grid pattern. 
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Here, g1 and gn are the statistical w~ights of the ions and ·neutral 
atoms while mis the mass of an electron and his the Planck constant. 
The ionization potential of the N; ions is denoted by V;· 
·The potential distribution Vis governed by an equation of the 
form 
(4) 
with e:0 being the permittivity of the medium under consideration and 
Thed parameter e stands for the electric charge. Use will be made of 
the Boltzmann equations [17]: 
(6) 
and 
(7) 
* The densities of the electrons produced by the electrode are Ne. In 
equations (6) and (7), Te and T; are, respectively, the temperature as-
~ 
sociated with the electrons and ions. Now, because eV/kT << 1, both 
.. 
equations (6) and (7) may be approximated a~ 
· -21-
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N N (ev.) + N* N N (ev) Ae = · e lo-:- e' fl • ~ • rr 
e · 1 · 1 e 
{8)· 
·-' 
.. In view of these·considerations, equation (4) becomes 
# 
{-9) 
which is functionally of the form 
Ne N; · 
, - - - = f(V) T T. . 
e 1 
(10) 
4.2 Electrode Process ,. 
* Let· vbe the average velocity of the Ne electrons and I the elec-
tric current density. Hence 
As the kinetic energy of an electron is acquired from the cha.rged 
field, there prevails the relation 
1 
- mv 2 = eV 2 
Substituting equation (12) into (11), there results 
-22-
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( 13) 
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* -The current density I may be regarded as the sum of two components: 
(14) 
The thermionic current is given by [18,19] 
·-.. 
IT = AT2exp(- fr-) (15) 
where A is a constant having the dimension of current density. 
Referring to the energy diagram in Figure 11, the potential energy 
of an electron is lower than that of the surrounding by an amount w. 
The kinetic energies are distributed with a maximum value c in accord-
. . 
ance with the Fermi-Dirac statistics. The difference (w-c) is the work 
function+ of a metal in equation (15}. It is the ~rk required to re-
move an electron from the metal. The field emission current in equa-
Zero Potential Energy 
I 
cf> 
• Top Fermi Level 
w 
r; C 
. 
• • 
. 
Metal '· w .= 0 Vacuum 
i . 
~· 
Figure 11 - Energy diagram of ~lectrons in a metal. 
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tion (14) is [20] 
12 c 2 3/2 
1 _ 38.5 x 10 vt~ exp(- 6•8 x 107 ~) 
F - Ct+~)~ ~ 
(16) 
in which <I> is the energy 
<P = hv - cp (17) · 
If hv is the energy of a quantum of light and if hv > cp, then an elec-
tron at the Fermi level could escape. In equation (17), vis the fre-
quency. 
* * Substituting the sum of_ IF and Ir for I in equation (13), Ne can 
· be expressed in terms of the exponential functions involving ~' T, <I>, 
etc., an·d the result may be further inserted into the governing equa-
tion (9) for V. This gives a highly nonlinear differential equation 
that can only be solved numerically. 
A finite element procedure was used, the details of which are be-
yond the scope of this investigation. The grid pattern containing 416 
' '. 
triangular elements and 236 nodes is shown in Figure lO(b). Refinement ,. 
of the meshes near the corners at the entrance of the notch is made in 
. 
. 
order to improve the accuracy of the local solution. Typical contours 
of the electric potential and field intensity are shown, respectively, 
in Figures 12(a) an~ 12(b). 
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The sources of continuous radiation in plasmas are transitions of·· 
free electrons into lower energy free states or bound states. The in~ 
( 
tensity is proportional to the product of the densf~ties of ions N; and 
. * . 
electrons Ne and the line intensities. If AU is the energy differen-
tial of the upper level from that of ionization, then the corresponding 
power dH radiated 1n a spectral line by a small volume element dT is 
{18) 
in which mis the mass, c the light velocity and Ga the absorption os--
cillator strength. In equation (18), 
* ev. 
Au - l h 
u - n2 - " 
with n being the number of electrons. 
intensity J is defined: 
J _ dH 
- OT 
(19) 
Making use of equation (18), the 
(20) 
For emission spectroscopy, it is more convenient to use the relation 
{21) 
\ 
t 
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As an example, .the intensity ratios of the hydrogen continuum is 
, 
plotted in Figure 13. The process can be described by interactions in-
5.0 0 A 3500A 0 A 900A 0 
0 4500A 0 930A ..... 
+' 
n::s 
s.. 
~ 3.0 Lyman 
•r-
V> / C: Balmer QJ 
.µ 
s:::: l. 0 ...... 
A 35ooR 
A 2500~ 
~7 10 100 
Te (eV) 
Figure 13. Variations of intensity ratio with temperature. 
valving the nitrogen and oxygen: 
- + - -* N2 + e + N2 + e + e 
-* * -O + e + 0 + e 
q 
* 0 + 0 + hv3 
... 
,. 
~- , .. 
(22) 
The energy of the photons for the visible spectrum (400 - 700 nm) .,~s ' 
~-
between 3.15 eV and 1.8 eV for colors from vi·ole·t to red. 
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Excitation in an atom can be created by electric, thermal and/or 
light disturbance. The absorbed energy drives an atom from the ground 
state to one of the quantum levels. This is because an electron tends 
to go to the next higher orbital. It can arrest at one of the interme-
diate orbitals when returning to initial orbital. Radiation hv is thus 
, 
emitted equivale~t to the·partial quantum.level of the corresponding 
orbital. 
The mechanical, physi-cal and chemical variations in the specimen 
are contained in the image. These effects are reflected by equation 
(18) via the quantities: By appli-
cation of pixel classification techniques, each one of the aforemen-
tioned effects can be isolated. 
\ 
) 
-28-
• 
... ') 
' 
. , I 
. ·~ . 
' ; 
/ \ - J 
' ' : .. _ ::·~ '~., _i: '. 
-· 
... ,. 
' 
b 
·' ' fl • ' - ., • 
' '•. < I f', • 
'CHAPTER V.- 0ISCUSSION OF RESULTS 
... 
All the EDl\experiments were carried out in a dark room such that 
' . . 
the notched surface was firmly in contact with the emulsion side of the 
film. The wave form generator was set to drive for·o.l second while 
the film was exposed for the same period of time. A series of pictures 
were taken for each specimen with excitation settings A, B, C and Das 
defined in Table 1. The information collected on the devel6ped film 
~as then digitized by the process described in Figure 9. _ Computer 
processing of the light intensity distribution was then made and the 
results were compared with those predicted analytically from equation 
(19). 
5.1 Electric and Light Field Intensity 
The electric field intensity denoted by E is given by-
' 
E ~ -grad V (23) 
•. 
in which Vis obtainable numerically by solving equation (9). It is 
also proportionai to the light field intensity J depending on the fre-
quency. Figure 14(a) and 14(b) give-the topological plots of E and J, 
respectively, in the vicinity of notch 1. The experimentally measured 
J corresponds to excitation setting A. While the general features of 
the E and J surface are similar in that they tend to dip at the bottom 
of the notch, the edge effects detected experimentally in Figure 14(b) 
did not show up numerically in Figure 14(a). This is to be expected as 
-29-
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(a) Spacial distribution of electric 
field intensity. 
(b) Spacial distribution of light 
field intensity for .excitation A· 
z 
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Figure 14 - Electric and light field intensity distribution 
for Notch l.. · 
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the finite element calculations normally do not capture the local ef-
. fects unless special consideration is given. Similar plots of E and J 
.. 
are displayed in Figure 15 for notch 2 whose depth is one-half of that 
I 
of notch 1. The corresponding ~mplitudes of E and_ J are also seen to 
be smaller. 
The· influence of the excitation settings on the J surface is shown 
by the computer plots in Figures 16 to 19 inclusive. The notch depth 
effect is most pronounced for excitati~n setting A. According to the 
results in Figure 16(a) for notch 1 and Figure 16(b) for notch 2, the 
J intensity is directly proportional to notch depth. This effect is 
not so visible for excitation settings of B,' C and Din Figures 17 to 
19. 
5.2 Average Intensities 
The results in Figures 14 to 19 inclusive can·be best illustrated 
by averaging them along the notch length of 20 mm such that E and J 
can be plotted in a two-dimensional space as a function of x in the 
range -0 . .75 mm~ x ~ +0.75 nm. Shown in Figure 20 is the theoretical 
prediction of E versus x. Note that the curve for notch l dipped lower 
than that for notch 2 and they both intersected at x ~ ± 0.4 mm. This 
trend will be compared with the experimental data on J. 
Shown graphically in Figure 21 are the light intensi.ty data for 
. 
the two notches excited in accordance with setting A. Indeed, the gen-
-~_ral trend is $imilar to the theoretical prediction in Figure 20 ex-
cept the curves intersected a number. of locations and are not symmet-. 
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(a) Spacial distribution of electric 
f i el d i n tens i ty • 
(b) Spacial distribution of light 
field intensity for excitation A. 
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Figure 15 - Electric and light field intensity distribution 
for Notch 2. 
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(a) Notch 1 
(b) Notch 2 
Figure 16 - Comparison of light intensity distribution of Notch land 2 at excitation A. 
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Figure 1.7 - Comparison of light intensity distribution 
of Notch land 2 at excitation B. 
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(a) Notch 1 
(b) Notch 2 
Figure 18 - Comparison of light intensity distribution 
of Notch 1 and 2 at excitation C. 
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Figure 19 - Comparison of light intensity distribution 
of Notch land 2 at excitation D. · 
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· rical about the centroidal geometric axi$ ~ = 0 of .the specimen~ This 
I . , 
· is because the EDI process is sensitive to any mechanical, thermal and 
electrical variations that.prevail in the specimen. Such effects, of 
course, are not modelled in the theoretical analysis. The.J distribu-
tions corresponding to excitation settings B, C and Dare given in Fig-
. . 
ures 22 to 24. They do not exhibit good correlation with change in 
notch depth. Summarized in Fi~ures 25 and 26 are the J versus x varia-
tions for notch 1 and 2 where the effects of the four excitations are 
compared. 
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CHAPTER VI - CONCLUSIONS AND REC0t1MENDATI0NS FOR FUTURE RESEARCH 
In contrast to the maJority of the past efforts in EDI which are 
empirical in nature, the present investigation provided theoretical 
support for image pattern recognition of specimens with precut notches 
of different depth. The various parameters affecting EDI were studied 
so as to reproduce the measurements in a reliabl~ fashion and to apply. 
the technique for. detecting mechanical imperfections in metals. Ef-
fects of the wave forms are studied by varying the excitation settings 
so as to obtain the best correlation between the light intensity and 
electric field intensity distribution. This critical attempt shows 
that EDI is indeed promising and can be developed to supersede all 
existing techniques such as Electronic Microscopy, X-ray Imaging, Ther-
mography, Nuclear Magnetic Resonance (NMR), Mass Spectroscopy, Ultra-
sound Method, General Radiography as well as Photoelasticity. The same 
information gained by EDI in this work would require the application of 
several of the more conventional techniques. For example, electron mi-
croscope would be needed to detect the texture and defects on the 
specimen surface. Mass spectroscopy can be applied to characterize 
corrosive agents. Information on the three-dimensional pattern of the 
contaminated portion of the specimen by acid requires the use of NMR. 
x~ray Imaging, Radiography and Ultrasound Methods also apply. 
Although some of the existing methods may yield more accurate re-
sults in some instances than EDI, they, however, are comparatively more 
costly as a large quantity of accessories are required. EDI technique 
is relatively inexpensive by orders of magnitude once the accompanying 
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software is developed. Needless to say, the· versatility and reliabil-
.. 
ity of any experimental technique depend on the s·oundness of the theory 
without which the method remains empirical. In this respect, EDI, at 
present, has limited support. 
. '-. 
What is· needed in the future is the-development of a generalized 
theory that can account for the energy dissipated by thermal, mechani-
cal and electrical effects. Their individual contribution needs to be 
sorted out. Promising progress has been advanced by the formulation of 
the energy density theory [21,22] in which all nonlinear and dissipa-
tive effects are maintained without loss in generality. This is ac-
complished by assuming that surface and volume energy are constantly 
exchanging. Such an interaction is responsible for the irreversibility 
of physical processes and has been neglected in the formulation of all 
classical theories in physics and mechanics. The experimental deter-
mination of energy dissipation based on EDI measurements is discussed 
in [23]. \ 
\, 
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